Phosphorylation of tyrosine residues in cellular proteins represents a major event during sperm capacitaton, but its relationship with the acquisition of sperm-fertilizing ability is still unclear. In this study we explored the relationship between the kinetics of the global tyrosine phosphorylation, monitored with a flow cytometric assay, and the acquisition of the human sperm ability to fuse with oocytes, evaluated with the progesterone-enhanced hamster egg penetration test. Sperm tyrosine phosphorylation appeared to be an early event in the capacitation process, with a 3.6-fold mean increase within 1 h of capacitation, but at this time sperm-oocyte fusion was extremely poor compared with that observed at 5 h of capacitation. Capacitation in calcium-free medium produced a 2-fold mean increase in tyrosine phosphorylation compared with that seen in complete capacitation medium both at 1 h and 5 h of capacitation, whereas sperm-oocyte fusion significantly increased only at 1 h, remaining unchanged at 5 h of capacitation. The cAMP analog, N,2-O-dibutyryladenosine 3 0 ,5 0 -cyclic monophosphate (dbcAMP), prevented the inhibitory effect of seminal plasma on tyrosine phosphorylation but not on sperm-oocyte fusion. In conclusion, these results suggest that the acquisition of sperm-fertilizing ability is always associated with an increase of the global tyrosine phosphorylation, but tyrosine phosphorylation does not necessarily reflect the acquisition of the spermfertilizing ability. Flow cytometry assay, a reliable technique to quickly quantify the global levels of the human sperm tyrosine phosphorylation, could be useful for a further elucidation of the biological meaning of this process, with the perspective of its clinical use as a measure of the sperm-fertilizing potential.
INTRODUCTION
Ejaculated mammalian spermatozoa require a residence in the female reproductive tract to acquire the capability to fertilize the oocyte [1, 2] . The cascade of controlled biochemical and physiological events that take place during this time makes spermatozoa able to gain hyperactive motility, to adhere to the zona pellucida (ZP), to respond to physiological inducers of acrosome reaction (AR), and to initiate oocyte fusion [3] . This time-dependent and reversible process has been recognized as ''capacitation'' and does not occur synchronously in all spermatozoa [4] . As sperm capacitation can also be achieved in vitro, most of the information has derived from in vitro studies. However, the molecular mechanisms and signal transduction pathways involved in this process have not yet been completely clarified. The increase in tyrosine phosphorylation of sperm proteins, mainly distributed in the flagellum, represents a major event occurring during capacitaton, (Naz and Rajesh [5] , for review). Some studies have correlated the level of tyrosine phosphorylation with the capacitative state of mammalian spermatozoa [6] [7] [8] , and it has been suggested also that it could represent a suitable marker of capacitation. Indeed, factors with a role in regulating capacitation also regulate tyrosine phosphorylation. In particular, cAMP, which plays a pivotal role in molecular events leading to mammalian capacitation, also promotes sperm tyrosine phosphorylation [9] [10] [11] [12] . The addition of cellpermeable cAMP analogs or phosphodiesterase inhibitors increases tyrosine phosphorylation of several sperm proteins [12, 13] . The intracellular increase in cAMP stimulates tyrosine phosphorylation through the activation of protein kinase A (PKA) [14] . On the contrary, seminal plasma, which prevents capacitation [15] [16] [17] , also prevented tyrosine phosphorylation in one study [18] , although no inhibitory effect was reported in another study [19] . Calcium (Ca 2þ ) influx, a well-characterized biochemical event that occurs during capacitation [20, 21] , activates adenylate cyclase with increased generation of cAMP and subsequent activation of PKA, finally leading to the activation of sperm tyrosine kinase(s) [14] . Accordingly, in the mouse, an increase in tyrosine phosphorylation would be observed by increasing extracellular Ca 2þ [6] . On the contrary, in human spermatozoa, increasing extracellular Ca 2þ concentrations negatively regulated sperm tyrosine phosphorylation [13, 19, [22] [23] [24] .
Although the increase of tyrosine phosphorylation level appears to be a capacitation-related event, its relationship with the acquisition of the sperm-fertilizing ability during capacitation is still largely unknown. Tyrosine phosphorylation of proteins in the flagellum has been linked to mammalian sperm hyperactivated motility [25] [26] [27] , which is a motility pattern required for spermatozoa to penetrate the cumulus and the ZP of the oocyte [28] , but not to fuse with the oolemma [29, 30] . A low percentage of human spermatozoa with an immunofluorescence detection of phosphotyrosine residues in the principal piece was associated with a reduced sperm-ZP binding but not with a reduced ZP-induced acrosome reaction [31] . In another report, it was associated with reduced in vitro fertilization rate [32] .
Actually, a few methods are available to estimate tyrosine phosphorylation in spermatozoa, and Western blot with antiphosphotyrosine monoclonal antibodies represents the most widely used procedure. This time-consuming method is not suitable to evaluate large numbers of samples and provides only semiquantitative information. Immunocytochemical analysis is not suitable for quantitative analysis due to the relative small number of evaluated cells. Recently, flow cytometry has been used to quantitatively evaluate the overall rise in sperm tyrosine phosphorylation in marsupial species [33] and in boars [34] under capacitatating conditions. The rapidity and sensitivity of this technique make it attractive for physiological studies on the changes in sperm tyrosine phosphorylation under different conditions, thereby facilitating the analysis of the relationship between tyrosine phosphorylation and capacitation-related acquisition of sperm-fertilizing ability.
In the present study, we used the flow cytometric assay to quickly monitor the kinetics of the global tyrosine phosphorylation during capacitation in human spermatozoa. We also explored the relationship between the kinetics of the global tyrosine phosphorylation and the capacitation-dependent acquisition of the human sperm-fertilizing ability using a relevant biologic endpoint, the sperm-oocyte fusion, evaluated with the progesterone-enhanced hamster egg penetration test (HEPT).
MATERIALS AND METHODS
The study was approved by the Ethics Committee of the Azienda Sanitaria Locale number 4 of L'Aquila, and all subjects signed an informed consent statement.
Chemicals
All reagents were purchased from Sigma Chemical Co. (St. Louis, MO). Staurosporine and progesterone were prepared as stock solutions in dimethyl sulfoxide (DMSO).
Staurosporine, progesterone, and N,2-O-dibutyryladenosine 3 0 ,5 0 -cyclic monophosphate (dbcAMP) were diluted in Biggers, Whitten and Wittingham (BWW) medium to give the final working concentration before use. The Ophospho-L-tyrosine was diluted in NH 4 OH (4 M).
Medium
The BWW medium consisted of 95 mM NaCl, 44 mM sodium lactate, 25 mM NaHCO 3 , 5.6 mM D-glucose, 4.6 mM KCl, 1.7 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 0.27 mM sodium pyruvate, 0.1% (w/v) human serum albumin (HSA) fraction V, no. 1653, 5 U/ml penicillin, and 5 mg/ml streptomycin, pH 7.4. The BWW minus calcium (BWW À Ca 2þ ) consisted of normal BWW, except that 1.7 mM NaCl replaced the CaCl 2 .
Sperm Processing
Semen samples were collected according to the World Health Organizationrecommended procedure [35] by masturbation from healthy normozoospermic donors. All samples were produced into sterile containers and left for at least 30 min to liquefy before processing. Motile sperm suspensions were obtained by the swim-up procedure. Briefly, spermatozoa were washed twice (700 3 g, 37 min) in BWW medium. After the second centrifugation, supernatants were removed by aspiration, leaving 0.5 ml on the pellet, and after an incubation time of 30 min supernatants containing highly concentrated motile sperm were carefully aspirated, and the sperm concentration was properly adjusted. To evaluate the effect of calcium-free medium, BWW medium depleted of Ca 2þ was used for washing, swim-up procedure, and incubation in capacitative conditions. Similarly, to evaluate the effect of seminal plasma, 50% seminal plasma/50% BWW medium (v/v) was used for sperm processing and capacitation. Aliquots of a filtered pool of seminal plasmas from normozoospermic subjects were stored at À808C and thawed before use. Motile sperm suspensions were capacitated at 378C in an atmosphere of 5% CO 2 /95% in the presence of 1% HSA fraction V, no. 1653, in the capacitation medium. Capacitation time lasted 5-18 h. Sperm vitality was well preserved at all capacitation times, even if progressive motility was often reduced at 18 h.
Flow Cytometric Analysis
Aliquots of motile sperm suspensions (2 3 10 6 to 3 3 10 6 spermatozoa) were fixed in ice-cold 1% formaldehyde in PBS, pH 7.2, for 30 min at 48C. After centrifugation (1000 3 g, 4 min), spermatozoa were permeabilized in 0.1% Triton-X 100 in PBS for 10 min at room temperature. Permeabilization of spermatozoa is a critical step in the staining, as tyrosine-phosphorylated proteins are mainly localized at intracellular level. Tyrosine phosphoproteins were recognized using a fluorescein isothiocyanate (FITC)-labeled monoclonal antibody (mAb) against human phosphotyrosine (clone pY20; Sigma Chemical). A nonspecific FITC-conjugated mAb, MOPC-21 (Sigma Chemical), was used as control. The optimal working concentration of the antiphosphotyrosine mAb (10 lg/ml) and the time of coincubation with spermatozoa (1 h) were chosen by titration tests in preliminary experiments. Stained samples were analyzed using flow cytometry (FACScan flow cytometer; Becton Dickinson Immunocytometry System, San Jose, CA). Data from 10 000 events per sample were collected and analyzed using Cell Quest software. The mean fluorescence intensity was calculated on an arbitrary scale and expressed as arbitrary units (AU). As the distribution of the fluorescence intensity was bimodal in capacitated samples, the proportion of spermatozoa and the peak channel (fluorescence channel with the highest number of events) in each of the two populations (with lower and higher fluorescence intensities) were also analyzed.
Immunoreactivity for pY20 antibody was also evaluated with fluorescence microscopy. Briefly, methanol-fixed sperm smears were incubated for 1 h with FITC-conjugated pY20 mAb or MOPC21 mAb as control, diluted 1:50 in PBS solution with 2% BSA. After repeated washing, the smears were mounted in PBS-glycerol and observed under a fluorescence microscope (Leica DMLB, Wetzlar, Germany).
Hamster Egg Penetration Test
The progesterone-enhanced HEPT was performed as previously described [36] . Briefly, motile sperm suspensions were incubated in either BWW or BWW À Ca 2þ medium under capacitating conditions for 1 and 5 h and then exposed to progesterone (5 lM) or to the proper dilution of DMSO (as control) before incubation with oocytes. As Ca 2þ is involved in the dynamics of acrosome reactions, spermatozoa incubated in BWW À Ca 2þ medium were transferred into normal Ca 2þ -containing BWW before the addition of progesterone.
In another set of experiments, spermatozoa treated with 50% (v/v) seminal plasma were incubated under capacitating conditions for 5 h in the presence or in the absence of the cell-permeating cAMP analog (5 mM) and then exposed to progesterone (5 lM) or to the proper dilution of DMSO (as control) before incubation with oocytes.
Standard procedures were used for the recruitment of hamster oocytes [35] . A total of 15-20 zona-free oocytes were added to each droplet of 100 ll containing 0.7 3 10 6 motile spermatozoa. After 3 h of coincubation at 378C in an atmosphere of 5%CO 2 /95% air, oocytes were recovered from the droplets, washed free of loosely adherent spermatozoa, and colored with SYBR 14 (1:500). SYBR 14 is a nuclear membrane permeant, DNA-specific fluorochrome. It stains nuclei of living spermatozoa fluorescing bright green. Ova were examined for the evidence of swollen sperm heads as the criterion of sperm penetration under a microscope equipped with epifluorescence (Leica DMLB). The number of spermatozoa penetrating each egg was assessed and expressed as total number of penetrations/total number of oocytes (penetration index [PI] ).
AR Assessment
The AR assessment was performed as previously described [36] , processing motile sperm suspensions exposed to progesterone (15 lM) after 1 and 5 h of capacitation in the presence or absence of Ca 2þ , provided Ca 2þ was reintroduced into the system before progesterone stimulation in samples capacitated without Ca 2þ . Briefly, sperm suspensions were centrifuged and then resuspended in hypo-osmotic solution for 1 h. After centrifugation, spermatozoa were smeared, fixed in methanol, incubated with fluoresceinated Pisum sativum agglutinin at 100 lg/ml in PBS for 2 h, washed, and observed under a fluorescent microscope. At least 200 spermatozoa were counted in each smear, and the percentage of spermatozoa not uniformly fluorescing at the anterior region of the head (reacted spermatozoa) was evaluated. Only curlytailed spermatozoa were considered viable and thus scored as true ARs. Spermatozoa from four donors were used in four different settings.
Statistical Analysis
Statistical analysis was performed using the SAS statistical software (version 9.1, 2003; SAS Institute Inc., Cary, NC). Cytofluorimetric and AR data were analyzed by ANOVA. The HEPT results were subjected to the twoway analysis of variance to separate replicate from treatment variations (general linear model procedure, PROC GLM). Posthoc comparisons between pairs of 650 groups were performed by the Tukey studentized range-honestly significant difference-test, and statistical significance was accepted when P 0.05. Results were expressed as mean 6 SEM.
RESULTS

Kinetics of Sperm Tyrosine Phosphorylation During Capacitation
The first set of experiments was performed in order to determine whether the flow cytometric analysis was applicable to quickly assess the time-dependent increase of the global levels of sperm tyrosine phosphorylation during capacitation. The flow cytometric analysis was performed after 0, 1, 5, and 18 h of capacitation in BWW medium. Sperm tyrosine phosphorylation appeared to be an early event in the capacitation process (Fig. 1A) . As evaluated in six experiments with different donors, at 1 h of capacitation there was a mean 3.6-fold increase in the fluorescence signal: the mean values for the mean fluorescent intensities after 0 and 1 h capacitation were 50.5 6 6.8 AU and 185.2 6 55.0 AU, respectively (P , 0.05). The level of tyrosine phosphorylation appeared to show a further but not significant increase after 5 h (238.3 6 53 AU; P . 0.05) and 18 h (265.2 6 64.3 AU; P . 0.05) of capacitation (Fig. 1B) . Actually, the kinetics of sperm tyrosine phosphorylation showed between-subject variability during capacitation: some donors quickly reached high levels of sperm tyrosine phosphorylation within 1 h, whereas others reached the highest levels more slowly (Fig. 1C) . Furthermore, there was a wide interindividual variability in the mean global level of capacitation-related tyrosine phosphorylation (Fig. 1, B and  C) . Finally, a bimodal distribution of the fluorescence intensity was always observed, indicating that a subpopulation of spermatozoa did not undergo tyrosine phosphorylation during capacitation (Fig. 1A) . As shown in Figure 1D , the increase in TYROSINE PHOSPHORYLATION AND SPERM/OOCYTE FUSION the fluorescence signal during capacitation was due to the progressive increase in the proportion of spermatozoa undergoing tyrosine phosphorylation, whereas the extent of tyrosine phosphorylation per sperm significantly increased after 1 h of capacitation, with no further increase after 5 and 18 h.
As shown by Figure 2 , immunoreactivity for pY20 mAb was localized along the principal peace of the sperm tail. A bright fluorescence was exhibited by the majority of 5-h capacitated spermatozoa. In uncapacitated samples, a minority of spermatozoa exhibited a light fluorescence, whereas a bright fluorescence was observed only occasionally.
Specificity of the Assay
To evaluate the specificity of the flow cytometric assay, the pY20 mAb was preincubated with a saturated solution of ophospho-L-tyrosine (50 mM) for 60 min at room temperature before its addition to 5-h capacitated spermatozoa. The immunoreactivity was strongly reduced with respect to that observed in control capacitated sperm suspensions (39.1 6 9 vs. 214.8 6 70.8 AU; P , 0.05). The effect of the kinase inhibition on tyrosine phosphorylation was also evaluated. Aliquots of spermatozoa incubated for 5 h under capacitating conditions in the absence or in the presence of 400 nM staurosporine, a protein kinase enzyme inhibitor, were evaluated for their tyrosine phosphorylation. In six experiments, sperm suspensions incubated with staurosporine showed a significantly reduced fluorescence signal (57.9 6 6.3 AU) with respect to untreated suspensions (156.7 6 16.0 AU; P , 0.05), and it was similar to that observed in noncapacitated samples (61.5 6 12.3 AU).
Effect of Seminal Plasma and cAMP Analog on Tyrosine Phosphorylation
As evaluated in five experiments, the exposure of spermatozoa to 50% (v/v) seminal plasma during sperm processing and 5 h of capacitation prevented the development of the capacitation-related increase in sperm tyrosine phosphorylation (44.4 6 7.6 AU vs. 180.9 6 20.4 AU, P , 0.05). This inhibitory effect of seminal plasma was completely abolished by the concomitant addition of 5 mM dbcAMP (Fig.  3A) .
Effect BWW À Ca 2þ Medium on Sperm Tyrosine Phosphorylation
A further set of six experiments was aimed to quantitatively evaluate the effect of Ca 2þ depletion in the incubation medium on protein tyrosine phosphorylation during capacitation. For this purpose, motile spermatozoa were washed twice in either complete BWW or BWW À Ca 2þ medium before sperm processing and capacitation. The level of tyrosine phosphorylation was then evaluated after 1 and 5 h. As shown in Figure  4A , in the absence of Ca 2þ , tyrosine phosphorylation was anticipated and enhanced compared with that registered in the presence of Ca 2þ . The global increase of the mean fluorescence intensity in the absence of Ca 2þ was due both to an increased proportion of spermatozoa undergoing tyrosine phosphorylation and to an increase in the extent of tyrosine phosphorylation per sperm (Fig. 4B) .
Hamster Egg Penetration Test
In order to determine the relationship between tyrosine phosphorylation and the acquisition of the sperm-fertilizing ability, we evaluated the results of the progesterone-enhanced HEPT, performed in the same experimental conditions used for the evaluation of the kinetics of the global tyrosine phosphorylation.
The exposure of spermatozoa to 50% (v/v) seminal plasma during sperm processing and 5 h of capacitation prevented the sperm's ability to fuse with oocytes in response to progesterone (PI ¼ 0.1 6 0.06 vs. 5.5 6 0.5, P , 0.05; Fig. 3B ). This inhibitory effect was not counteracted by the concomitant addition of dbcAMP (PI ¼ 0.1 6 0.07; Fig. 3B ).
Using standard capacitation medium, the number of penetrations per oocyte was significantly lower at 1 h than at 5 h of capacitation (PI ¼ 0.8 6 0.4 vs. 4 6 1.1; P , 0.05; Fig.  4C ), as expected. In the absence of Ca 2þ , the PI increased dramatically at 1 h of capacitation (5.2 6 1.3; P , 0.05), without a further increase at 5 h of capacitation.
The significant increase in the PI observed at 1 h of capacitation in the absence of Ca 2þ was associated with a significant increase of progesterone-induced ARs (24.3% 6 2.2% vs. 9.0% 6 1.5%; P , 0.05), provided Ca 2þ was reintroduced into the system. No further increase in the progesterone-stimulated ARs was observed at 5 h of capacitation, both in the presence and in the absence of Ca 2þ (23.0% 6 5.6% and 22.0% 6 4.9%, respectively).
DISCUSSION
In the present study, the flow cytometric assay was proven to be a rapid, simple, and reliable technique to quickly assess and quantify the time-dependent increase of the global levels of tyrosine phosphorylation occurring during capacitation in human spermatozoa. This assay was also specific, as demonstrated by the strong reduction of immunoreactivity exerted by the preincubation of the anti-phosphotyrosine mAb with a saturated solution of o-phospho-L-tyrosine, its specific antigen. Furthermore, the capacitation-related increase in sperm tyrosine phosphorylation was prevented by staurosporine, a strong inhibitor of protein kinase enzymes, according to previous reports in marsupial species [33] and boar spermatozoa [34] . Indeed, it has been repeatedly reported that, using SDS-PAGE/ Western blot assay, pY20 mAb recognizes two major sperm proteins of about 82 and 110-115 kDa, whose tyrosine phosphorylation increases during capacitation [37, 38] .
Using this assay, the sperm increase in tyrosine phosphorylation appeared to be an early event in the capacitation process, with a ;3.6-fold mean increase within 1 h of   FIG. 3. A) Effect of the presence of 50% (v/v) seminal plasma (SP) and SP þ cAMP analog dbcAMP (5 mM) during sperm processing and capacitation (5 h) on tyrosine phosphorylation. Number of experiments is five, with different donors. Overall significance variation: P , 0.0001 with ANOVA; *P , 0.05 vs. all the others (Tukey studentized rangehonestly significant difference-test). B) Effect of the presence of 50% (v/v) SP and SP þ cAMP analog dbcAMP (5 mM) during sperm processing and capacitation (5 h) on progesterone-stimulated sperm-oocyte fusion. Overall significance for treatment variation: P , 0.0001 (PROC GLM). Number of observations (oocytes) ¼ 220; number of replicates ¼ 4, with different donors. *P , 0.05 vs. all the others (Tukey studentized rangehonestly significant difference-test).
TYROSINE PHOSPHORYLATION AND SPERM/OOCYTE FUSION capacitation. However, between-subject variability in reaching the highest levels of tyrosine phosphorylation was observed. The cytometric analysis also showed a heterogeneity of spermatozoa from a same ejaculate to undergo tyrosine phosphorylation during capacitation. In particular, a bimodal distribution of fluorescence intensity was always observed. Previous immunocytochemistry studies had shown that a variable proportion of spermatozoa remained nonphosphorylated after capacitation both in mice and men [23, 31, 32, 39 ]. An interesting novel observation which arises from the flow cytometric analysis is that the increase in the fluorescence signal during capacitation was due to the progressive increase in the proportion of spermatozoa undergoing tyrosine phosphorylation, whereas the extent of tyrosine phosphorylation per sperm significantly increased after 1 h of capacitation, with no further increase after 5 and 18 h. Furthermore, there was a wide interindividual variability in the mean global level of capacitation-related tyrosine phosphorylation, mainly due to a large variability in the extent of tyrosine phosphorylation per sperm, and this might be an interesting aspect to be further investigated in its biological and possibly clinical significance.
Although tyrosine phosphorylation is a capacitation-related event, its relationship with the acquisition of sperm-fertilizing ability is still unclear. Some interesting observations on this relationship arise from the present study by evaluating the results of the progesterone-enhanced HEPT, performed in the same experimental conditions used for the evaluation of the kinetics of the global tyrosine phosphorylation. The progesterone-enhanced HEPT monitors the human sperm's ability to capacitate, to undergo progesterone-stimulated AR, and to fuse with the oocyte, thereby representing a relevant biological endpoint of the sperm-fertilizing ability. Using this approach, it was possible to dissociate the increase in the global tyrosine phosphorylation from the acquisition of sperm ability to fuse with oocytes under some experimental conditions. First, after 1 h of capacitation, although spermatozoa exhibited a significant increase in tyrosine phosphorylation, sperm-oocyte fusion was extremely poor compared with that observed after 5 h of capacitation. Poor HEPT results following 1 h of capacitation were expected, as the stimulatory effect of progesterone on sperm-oocyte fusion is capacitation time dependent [40] . Second, the incubation of spermatozoa in the presence of seminal plasma prevented the increase in tyrosine phosphorylation during capacitation as well as the progesteronestimulated sperm-oocyte fusion. However, the addition of the cAMP analog, dbcAMP, to spermatozoa exposed to seminal plasma prevented its inhibitory effect on tyrosine phosphorylation, but not its inhibitory effect on the sperm-oocyte fusion. Previously, using Western blot analysis, an inhibitory effect of seminal plasma on tyrosine phosphorylation had been reported by Tomes et al. [18] . Indeed, many decapacitating factors from seminal plasma have been partially or totally characterized [41] [42] [43] [44] , but the molecular mechanisms by which they negatively modulate sperm tyrosine phosphorylation cascade have not yet been elucidated. It remains to be determined whether this inhibitory effect is only mediated by plasma membrane events or also by a direct interaction of seminal factors with intracellular targets. As seminal plasma is rich in cholesterol, plasma membrane events involve the inhibitory effect on the cholesterol efflux, which prevents the increase in sperm membrane fluidity, the increase in HCO 3 À influx, and all the other mechanisms involved in the activation of the cAMP/ The global increase of the mean fluorescence intensity in the absence of Ca 2þ was due both to increased proportion of spermatozoa and increased peak channel in the sperm population showing higher fluorescence intensity (M3). Number of experiments is five, with different donors. Overall significance variation: P , 0.0001 with ANOVA; *P , 0.05 vs. complete medium (BWW) with Tukey studentized rangehonestly significant difference-test. C) Effect of the absence of Ca 2þ in the incubation medium (BWW À Ca 2þ ) on progesterone-stimulated sperm-oocyte fusion after 5 h of capacitation. Overall significance for treatment variation: P , 0.0001 (PROC GLM). Number of observations (oocytes) ¼ 326; number of replicates ¼ 5, with different donors. *P , 0.05 vs. all the others (Tukey studentized range-honestly significant difference-test).
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PKA pathway, a key event for capacitation and tyrosine phosphorylation. An adjunctive direct interference with intracellular targets (inhibition of tyrosinkinase activity and/or activation of tyrosine phosphatase activity) has been also hypothesized [18] . The preventing effect exerted by the cellpermeating cAMP analog, dbcAMP, on the seminal plasma inhibition of tyrosine phosphorylation indicates that it occurs upstream from the cAMP generation. However, the inhibition of the cAMP-mediated increase in global tyrosine phosphorylation, exerted by seminal plasma, does not account for the inhibition of the sperm-oocyte fusion. In fact, the inhibition of the global tyrosine phosphorylation but not the inhibition of the sperm-oocyte fusion was prevented by the addition of dbcAMP to sperm suspensions exposed to seminal plasma.
As far as the effect of the Ca 2þ depletion is concerned, in the present study, when spermatozoa were incubated in a Ca 2þ -free medium, sperm tyrosine phosphorylation showed a ;2-fold mean increase compared with that seen in complete medium both at 1 and 5 h of capacitation, thereby strengthening the negative regulation exerted by extracellular Ca 2þ [13, 19, [22] [23] [24] . However, in Ca 2þ -depleted medium, sperm-oocyte fusion significantly increased only at 1 h of capacitation, whereas after 5 h of capacitation in Ca 2þ -depleted medium, despite a higher degree of sperm tyrosine phosphorylation, the levels of sperm-oocyte fusion were similar to those observed in complete BWW medium. These results could suggest that the incubation of spermatozoa in Ca 2þ -free medium could promote in the same way both tyrosine phosphorylation and capacitation, thereby explaining the high levels of sperm-oocyte fusion even at 1 h of capacitation. After 5 h, the levels of sperm-oocyte fusion were similar both in the absence and in the presence of Ca 2þ , due to a full capacitation reached at this time also in the presence of extracellular Ca 2þ .
To demonstrate that the lack of a further increase in the spermoocyte fusion in the absence of Ca 2þ after 5 h of capacitation was not due to a saturation of the fusion potential, we performed additional experiments increasing the progesterone stimulation from 5 to 15 lM, as progesterone exerts a doseresponse effect on sperm-oocyte fusion [40] . Increasing the progesterone stimulation from 5 to 15 lM, the PI at 5 h of capacitation doubled both in the presence and in the absence of Ca 2þ (data not shown). Furthermore, as another demonstration of this, the significant increase in the PI observed at 1 h of capacitation was associated with a significant increase in progesterone-induced ARs, which did not further increase at 5 h of capacitation both in the presence and in the absence of Ca 2þ , provided Ca 2þ was reintroduced into the system. Previously, higher rates of calcium ionophore-induced acrosome reaction had been reported at 2.5 h of capacitation under tyrosine phosphorylation-promoting, Ca 2þ -depleted conditions, provided Ca 2þ was reintroduced into the system [24] . The homeostatic maintenance of intracellular concentration of Ca 2þ would be an energy-dependent process, as ATP is used by spermatozoa to either pump excess cation out of the cell and/or store it in subcellular locations, such as acrosome [45] . In the absence of Ca 2þ , an increased availability of intracellular ATP has been reported [24] . According to Baker et al. [24] , as ATP is required for tyrosine kinase activity, its increase could explain the high levels of sperm tyrosine phosphorylation in Ca 2þ -free medium. However, ATP is also a substrate for adenylate cyclase, whose involvement in the capacitation process has been well established [46, 47] . This might explain the promoting effect of Ca 2þ -depleted media in the capacitation-dependent acquisition of the sperm ability to fuse with oocytes, observed in the present study.
In conclusion, these results suggest that the acquisition of sperm-fertilizing ability is always associated with an increase of tyrosine phosphorylation, but tyrosine phosphorylation does not necessarily reflect the acquisition of sperm-fertilizing ability. The flow cytometric assay, which has here been proved to be a rapid, simple, and reliable technique to quickly assess and quantify the global levels of the human sperm tyrosine phosphorylation, could be useful for a further elucidation of the biological meaning of this process, with the perspective of its clinical use as a measure of the spermfertilizing potential.
